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Ž
. Ž . Objective: Myocardial fibrosis, associated with increased expression of angiotensin converting enzyme ACE and bradykinin BK Ž . Ž . receptor binding at sites of tissue repair, accompanies chronic elevations in circulating angiotensin II AngII andror aldosterone ALDO that simulate chronic cardiac failure. A role for increased ventricular wall stress, associated with arterial hypertension, that can accompany such neurohormonal activation when ventricular function is not compromised, has been held responsible for this structural remodeling. To address this proposition, we monitored morphology of right and left atria and pulmonary artery, where stress is not Ž . increased, and compared these structures with hypertensive aorta. Methods: Experimental groups included: 1 unoperated and untreated Ž . Ž . Ž . controls; 2 intact rats receiving AngII 9 mgrh for 2 weeks and which causes arterial hypertension; 3 uninephrectomized control rats Ž . Ž . on a high sodium diet for 6 weeks; and 4 uninephrectomized rats receiving ALDO 0.75 mgrh and a high sodium diet for 6 weeks and which results in gradual onset arterial hypertension. Fibrosis was identified by light microscopy in sections stained with collagen specific picrosirius red, while ACE, AngII and BK receptor binding were localized and quantitated by in vitro autoradiography using 125 I-351A, 125 w 1 8 x 125 w 8 x Ž . I Sar ,Ile AngII, and I Tyr BK, respectively. AngII receptor subtype was defined by the presence of excess AT losartan or AT 1 2 Ž . PD123177 receptor antagonists, respectively. Results: With either AngII or ALDO administration, and compared to controls, we found: Ž .
Ž . 1 microscopic scarring that replaced lost myocytes in both left and right atria; 2 an increase in adventitial collagen of both pulmonary Ž .Ž . Ž . artery and aorta perivascular fibrosis ; 3 markedly increased ACE binding at fibrous tissue sites in both atria and great vessels; 4 Ž . unchanged atrial and great vessel AT receptor binding; and 5 significantly increased BK receptor binding at sites of atrial and
Introduction
The circulating renin-angiotensin-aldosterone system Ž . RAAS contributes to cardiovascular system regulation, including the maintenance of salt and intravascular volume homeostasis mediated by its effector hormones, an-Ž . Ž . giotensin AngII and aldosterone ALDO . AngII and ALDO also have functions that contribute to normal ) Ž .
Ž . Corresponding author. Tel.: q1 573 882-8580; fax: q1 573 884-4691. cardiovascular structure during growth and development w x 1,2 and to adverse structural remodeling in pathologic w x conditions, such as chronic cardiac failure 1,3 . This laboratory and others have previously reported the appearance of ventricular fibrosis, expressed as microscopic scars and perivascular fibrosis of intramural coronary vessels, in response to unilateral renal artery banding and with chronic administration of either AngII or ALDO in rats with preserved cardiac function that subsequently developed ( )w x arterial hypertension 4-6 . The mechanism responsible for this pathologic structural remodeling of ventricular myocardium has been debated. Hypertension per se has been w x considered responsible by some 7,8 . Previous studies, however, demonstrated the presence of fibrosis in both the normotensive, nonhypertrophied right and hypertensive, hypertrophied left ventricles in rats with renal ischemia or w x those receiving either AngII or ALDO 4,9 . Accordingly, it was our hypothesis that such pathologic remodeling is not related to wall stress or hypertension, but instead to these circulating hormones of the RAAS. To address the relationship between such hemodynamic factors versus these hormones and tissue fibrosis, rats received a chronic infusion of either AngII or ALDO. Our first objective was to determine whether fibrous tissue appears in right and left atria and pulmonary artery, none of which is pressureoverloaded in these models, and to compare these structures with pressure-overloaded aorta.
ACE is responsible for AngII generation and in its dual Ž . role as a kininase II it contributes to bradykinin BK w x degradation 10 . ACE binding density is markedly increased at sites of tissue repair in the rat heart irrespective w x of their location and etiologic basis 4,11,12 and indepenw x dent of circulating AngII 4 . This includes fibrous tissue Ž . that appears after myocardial infarction MI secondary to w x coronary artery ligation 11,13 , endomyocardial fibrosis w x following isoproterenol administration 12 , myocardial fiw x brosis with chronic infusion of either AngII or ALDO 4 , Ž . pericardial fibrosis following pericardiotomy without MI , and foreign-body fibrosis in response to silk ligature placew x ment in the myocardium 12 . In addition to the heart, high-density ACE binding is found at sites of tissue repair involving other organs, such as the infarcted kidney and foreign-body fibrosis surrounding silk ligature in incised w x skin 12 . These findings suggest that ACE and its related peptides, AngII or BK, are associated with tissue repair. BK is a chemical mediator of inflammation that appears in w x injured tissue, including heart 14 , and its actions are w x mediated by BK receptors 15 . In rats receiving either AngII or ALDO, BK receptor binding was found to be significantly increased at sites of fibrosis involving the w x ventricles 16 . Our second objective, therefore, was to determine the expression of ACE and receptor binding to its related peptides in atria in response to chronic administration of either AngII or ALDO.
Methods
Experimental design
Experiment 1
Eight-week-old male Sprague-Dawley rats were pur-Ž . chased from Harlan Sprague-Dawley Indianapolis, IN . Ž . Ž. Four groups n s 6rgroup were studied: 1 unoperated, Ž . Ž . untreated control rats; 2 subcutaneous AngII 9 mgrh Ž . given by implanted minipump; 3 uninephrectomy control Ž . with 1% dietary NaCl; and 4 uninephrectomized rats who Ž . received subcutaneous ALDO 0.75 mgrh by implanted minipump together with 1% NaCl in drinking water. Previous studies from this laboratory have demonstrated that circulating AngII and ALDO are elevated to levels found in chronic cardiac failure with these models and that each is associated with the subsequent appearance of biventricular fibrosis, arterial hypertension, and left ventricular hypertrophy; right ventricular hypertrophy has not been obw x served with these models 5,9 . We therefore did not repeat these measurements in the present study. It also was w x previously demonstrated 4 that ventricular fibrosis was first evident at 2 weeks of AngII administration while it was not seen until week 4 or more with ALDO infusion. In the present study we therefore selected week 2 and 6, respectively, for analysis in these models.
Rats in groups 1 and 2 were killed by overdose of halothane at 2 weeks AngII infusion while rats in groups 3 and 4 were killed at 6 weeks of ALDO administration. Hearts were removed, rinsed in cold saline and frozen in isopentane with dry ice for histopathologic and autoradiographic studies. Serial cryostat coronal sections that included right and left atria, pulmonary artery and aorta were prepared for morphological and autoradiographic analysis.
Experiment 2
Ž . Ž . Untreated rats n s 6 and rats receiving AngII n s 10 Ž . for 2 weeks and rats receiving ALDO for 6 weeks n s 6 were sacrificed, hearts were removed and dissected, left and right atrial, left and right ventricular weights were measured.
General methods
Collagen morphology
Ž . Cryostat coronal 6 mm sections of each atria were stained with hematoxylin-eosin and collagen-specific staining with picrosirius red to identify fibrous tissue. Interstitial collagen volume fraction of atria was determined using videodensitometry and was calculated as the sum of all connective tissue areas of the coronal section, divided by the sum of all connective tissue and muscle w x areas in all fields of the section as previously reported 9 .
Autoradiographic localization of ACE
Radioligand preparation. The radioligand used to label w 125 x ACE was I 351A, a tyrosyl derivative of lisinopril and potent competitive inhibitor of ACE. 351A was iodinated by the chloramine T method and separated from free 125 I by SP Sephadex C25 column chromatography as previw x ously reported 17 . Binding properties of this radioligand w x have been previously reported 18 . The purity of the radioligand was examined by high-performance liquid chromatography and a single activity peak obtained. The w 125 x stability of I 351A has been previously examined.
( )ACE binding. Serial 20 mm cryostat sections of hearts were cut in the coronal plane, thaw-mounted onto gelatincoated slides, and dried in a desiccator at 48C for 12 h. Sections were incubated in 10 mM sodium phosphate buffer, pH 7.4, containing 150 mM NaCl and bovine Ž . w 125 x w Ž serum albumin 2 grl with I 351A 0.3 mCirml ; .x 300 pM for 1 h at 208C. Nonspecific binding was determined in parallel incubations containing either 1 mM Ž .w x ethylenediamine tetra-acetate EDTA 19 or 10 mM unlabeled lisinopril. After incubation, sections were transferred through 4 successive 1 min washes at 08C, dried under a stream of cold air, placed in X-ray cassettes, and exposed to Kodak NMB-6 film for 3 days.
Autoradiographic localization of AngII receptors
Cryostat 20 mm coronal sections of heart were preincubated for 15 min in sodium phosphate buffer, then incubated for 1 h in a fresh volume of the same buffer Ž . receptor binding was determined as that persisting in the presence of an excess of PD123177, while AT receptor 2 binding was defined as that persisting in the presence of an w x excess of DuP753 21 . After incubation, sections were washed, dried and exposed to Kodak NMB-6 film for 4 weeks.
Autoradiographic localization of BK receptors
Sections were preincubated for 15 min in 10 mM Ž . sodium phosphate buffer pH 7.4 containing 150 mM NaCl, 5 mM Na EDTA, 2 grl albumin and 0.4 mM 8 x Ž . 125 w 8 x Tyr BK Amersham . Specific activity of I Tyr BK is 2200 Cirmmol. Nonspecific binding was measured in the w x presence of 1 mM unlabeled BK 22 . After incubation, sections were transferred through 4 successive 1 min washes at 08C, dried under a stream of cold air, placed in X-ray cassettes and exposed to Kodak NMB-6 film for 4 weeks.
Analysis of ACE, AngII and BK receptor binding densities
125
Ž
. i radioactivity standards Amersham were exposed to the same film in parallel tissue sections. Quantitation of binding density was performed using a computer-image-Ž analyzed system Quantimet 520, Cambridge Lab. Inc., . MA . Radioactivity standards were corrected for decay and fitted to calibration curves by the computer to convert optical density values of each pixel into 125 I radioactivity expressed as dpmrmm 2 .
ACE, AngII or BK receptor binding regions in the heart
After exposure, sections were stained with hematoxylin and eosin, overlapped to radiographic film, and examined by light microscopy to determine the distribution of ACE, AngII or BK receptors.
Statistical analysis
Statistical analyses of autoradiographic findings, collagen volume fraction and heart weight were performed using Student's t-test. Values are expressed as means " s.e.m. with P -0.01 considered significant.
Results
Morphologic findings
Compared with unoperated, untreated controls, where Ž no evidence of atrial fibrosis was observed Fig. 1, panels . A and B , microscopic scars were found scattered through-Ž out both atria in rats receiving AngII for 2 weeks Fig. 1 , . panels C and D . In rats with uninephrectomy and high salt diet alone for 6 weeks, no histological evidence of fibrosis was observed in either atria and served as control to uninephrectomized rats receiving ALDO and a high salt Compared with their respective controls, where a small amount of collagen was observed in adventitia, perivascu-Ž . lar fibrosis i.e., increase in adventitial collagen was seen in both aorta and pulmonary artery in rats receiving AngII Ž . for 2 weeks Fig. 2 and in rats receiving ALDO for 6 weeks. Table 1 . In Ž rats receiving AngII, ACE binding was significantly P -. Ž 0.01 increased in both right and left atria Fig. 3, panel B; . Fig. 4, panel B Fig. 3 , panel C; Table 1 and, once again, high-density ACE binding was seen at sites of microscopic Ž scars scattered throughout both right and left atria Fig. 3 , . panel C .
Autoradiographic ACE binding
High-density ACE binding appeared in endothelium and Ž . adventitia of aorta of control rats Fig. 3, panel A . In rats Ž . receiving AngII Fig. 3, panel B; Fig. 4 , panels C and D Ž . or ALDO Fig. 3, panel C 
Autoradiographic AngII receptor binding
Autoradiographic BK receptor binding
Very low BK receptor binding was observed in both Ž . atria of normal untreated control rats Fig. 3 , panel G . In Ž . rats receiving either AngII Fig. 3 , panel H or ALDO Ž . Fig. 3 , panel I , BK receptor binding was significantly Ž . Ž P-0.01 increased at sites of microscopic scars Fig. 4 ,
. panels E and F in both right and left atria compared to Ž . control see Table 1 . BK receptor binding was markedly increased at sites of microscopic scarring found in both Ž . atria Fig. 3 , panels H and I in each model.
Heart weight
Compared to controls, left ventricular weight was significantly increased in rats receiving AngII or ALDO, 
Discussion
Ž Chronic, inappropriate relative to sodium intake and . intravascular volume elevations in circulating AngII andror ALDO, such as can occur in chronic cardiac failure or various forms of arterial hypertension, have each been associated with cardiac myocyte necrosis followed by fibrillar collagen accumulation in the form of microscopic w x scarring 23,24 . This reparative fibrosis of both right and left ventricles has been observed with endogenous activation of the renin-angiotensin-aldosterone system, created w x by unilateral renal artery ischemia 25 , or exogenous w x AngII or ALDO administration 5 . Chronic administration of AngII in previously healthy rats or ALDO in uninephrectomized rats on a high salt diet each leads to w x ventricular fibrosis that includes microscopic scarring 4,5 . The time course for the appearance of this pathological remodeling, however, differs in these two animal models as noted earlier and, therefore, different mechanisms may be operative. Our first objective in the present study was to determine whether fibrosis is present in right and left atria and pulmonary artery, where wall stress is not elevated, and aorta where wall stress is increased in both AngII or ALDO models. Elevated systolic wall stress has been considered relevant to the appearance of fibrosis involving w x the left ventricle 6,7 ; however, this is controversial w x 4,6,7,9 . Wall stress is elevated in the hypertensive left ventricle and could be increased in the right ventricle in response to chronic pulmonary venous hypertension; however, right ventricular hypertrophy that would accompany such enhanced loading has not been observed in these w x models 9,26,27 . Fibrosis appears not only in the hypertensive, hypertrophied left ventricle, but also the norw x motensive, nonhypertrophied right ventricle 4,9 . This is in keeping with increased collagen mRNA expression in each ventricle while increased expression of mRNA for atrial natriuretic peptide, a marker of ventricular hypertrow x phy, is seen only in the left ventricle 27 . Fibrosis in each of these models is therefore not related to arterial hypertension, elevated systolic wall stress, or cardiac myocyte w x hypertrophy 26-28 . In the absence of right ventricular pressure overload and hypertrophy in these models, right atrial overload and hypertrophy are not expected. Our data of heart weight further indicate the absence of hypertrophy in right ventricle and atria. Perivascular fibrosis of adventitia, defined here as an expansion of adventitial collagen, appeared in the pulmonary artery, without increased wall stress, and in the aorta with increased wall stress. Our findings further support the proposition that the appearance of ventricular and atrial fibrosis and perivascular fibrosis of great vessels in these models is not related to altered wall stress, arterial hypertension or ventricular hypertrophy. Ž . Bilateral total or subtotal medulla adrenalectomy was found to prevent myocardial scarring and presumably myw x ocyte loss in the AngII infusion model 29 . This was not the case for co-administration of the ALDO receptor antagonist, spironolactone, suggesting that AngII-induced catecholamine release from the adrenal medulla is a primary cause of myocyte necrosis with subsequent scarring in this model. Myocyte loss with scarring accompanies chronic mineralocorticoid treatment and has been related to potasw x sium loss and can be prevented by spironolactone 30 , a w x potassium-sparing diuretic, amiloride 31 , or dietary w x potassium chloride supplementation 32 . An explanation for the expansion of great vessel adventitial collagen with either AngII or ALDO administration is presently uncertain. Previous studies with this AngII infusion model have w x demonstrated increased vascular permeability 29,33,34 mediated by the release of nitric oxide and which could be w x prevented by L-NAME 35,36 . Whether such hyperpermeability appeared in these great vessels is unclear, but would seem unlikely. A direct effect of AngII or ALDO on fibroblasts located within the adventitia is a potential explanation and is suggested by studies in cultured adult rat cardiac fibroblasts, where collagen synthesis is inw x creased by either hormone 37,38 .
The second objective of this study was to determine the expression of ACE and receptor binding to its related peptides, AngII and BK, in atria, pulmonary artery and aorta in response to chronic administration of either AngII or ALDO. High-density ACE binding was observed at sites of microscopic scars scattered throughout both right and left atria in each model. Increased BK receptor, but low or normal AngII receptor binding was co-localized with ACE at these sites of remodeling. Similar results has w x been observed in each ventricle in these models 4 . The coincidence of increased ACE binding and BK receptor binding at sites of fibrosis suggests that ACE may be responsible for metabolizing BK which, in turn, plays a role in tissue repair. We have previously demonstrated that an ACE inhibitor, lisinopril, significantly attenuated collagen accumulation at expected sites of fibrosis associated w x with AngII administration 39 . The attenuation in collagen formation by lisinopril is not likely due to reduced circulating AngII levels, since circulating AngII is chronically increased in association with continuous exogenous AngII administration, or to reduced arterial pressure since the dose of lisinopril selected did not prevent arterial hypertension that accompanied AngII infusion. Therefore, BK may be responsible for either increased collagen degradation or reduced fibroblast collagen synthesis seen in association with ACE inhibitor treatment in this animal model. In rats receiving AngII, a type 2 BK receptor antagonist, Hoe140, significantly attenuated collagen accumulation in w x the right and left ventricles 36 . This apparent paradox could be explained by interference with BK receptor binding that reduces inflammatory cell responses which contribute to cell-cell signaling and attenuated subsequent fibroblast fibrogenesis. These cellular events remain to be examined in more detail.
ACE exists predominantly as a membrane-bound ecw x toenzyme located on endothelial cells 40 , epithelial cells w x w x w x 41 , macrophages 42 and fibroblast-like cells 43,44 . Increased ACE binding in the injured heart, such as follows myocardial infarction, is independent of circulating w x renin, soluble ACE and ALDO 45,46 . In the present study, circulating AngII and ALDO were chronically elew x vated in rats receiving AngII 5 while circulating ALDO, but not AngII, was increased in uninephrectomized rats w x receiving ALDO 9 . In both models, however, ACE binding density was markedly increased at sites of atrial scarring and perivascular fibrosis of great vessels. Markedly increased ACE binding has also been found at sites of w x tissue repair involving other organs 12 . ACE expression by cells involved in tissue repair is therefore not related to hypertension or downregulated by circulating effector hormones of the RAAS. Elevated ACE binding at sites of tissue repair is due to the influx of ACE-expressing cells, such as macrophages and phenotypically transformed fibroblast-like cells, termed 'myofibroblasts' because they ( )w x express a-smooth muscle actin 47 . In experimental myocardial infarction, produced by ligating the left coronary artery, myocardial hypertrophy is evident in the noninw x farcted left ventricle. Passier 48 demonstrated that renin and ACE gene expressions were significantly increased at the site of infarction, but not in hypertrophied, noninfarcted myocardium and therefore intracardiac expression of ACE does not play a role in the development of cardiac hypertrophy, but suggests a role for this ectoenzyme in w x wound healing 48 .
In the infarcted rat heart, AT receptor binding was 1 markedly increased at sites of fibrosis, where cells expressw x ing AT receptors were primarily myofibroblasts 43 . In summary, chronic administration of either AngII to normal rats for 2 weeks or ALDO to uninephrectomized rats plus high salt diet for 6 weeks led to myocyte loss with microscopic scars that appeared in both right and left atria and pulmonary artery, neither of which is pressureoverloaded. The appearance of atrial fibrosis and perivascular fibrosis of great vessels suggests that remodeling of the myocardium by fibrous tissue is not related to ventricular wall stress. Atrial fibrosis may explain the appearance of atria arrhythmias observed in mineralocorticoid-treated w x rats 49 and could further account for the common occurrence of such dysrhythmias in patients with chronic cardiac failure. ACE and BK receptor binding were significantly increased and co-localized to sites of fibrosis, suggesting that local BK may play a role in tissue repair of the rat heart and related structures in these animal models.
